III . Assessment of marine biological diversity and habitats

Biological structures and patterns of resource distribution in rocky reef habitats
The integrity of any marine ecosystem is a function of the interactions between its various biological components relative to their trophic interdependencies. A proper understanding of such interactions is vital to predict future trends in the health of an ecosystem (eg Griffin and others, 2008) and, hence, its ability to offer vital ecological goods and services. In describing the trophic structure of intertidal rocky reef biota, species can be divided into functional groups relative to their role in energy-biomass flows or their order of ecological succession within the habitat. For instance, Menge and Sutherland (1987) and Bruno and others (2003) identify two such groups. They include primary and secondary space-holders. The former refer to primary producers (macrophytes, benthic microalgae and cyanophytes) and filter-feeding epifauna, while the latter comprise mobile consumers (grazers). It is worth noting that certain secondary space-holders are also primary producers or filter-feeders (Scrosati and others, 2011) . However, in a more classical categorization, benthic organisms can simply be grouped into autotrophs, grazing herbivores, filter-feeders or predators (Paine 1980) . These functional groups form trophic levels within the rocky reef food webs, connected by energy-biomass transfer linkages whose strengths are regulated by biophysical factors such as degree of wave exposure, larval supply and nearshore ocean circulations (Steffani 2000) .
Simple models describing trophic relationships between groups within rocky reef ecosystems are based on few trophic levels, with primary producers and filter-feeders occupying the base, herbivores the middle and predators the top (Paine 1980, Menge and Sutherland 1987) . However, some authors have described such patterns of energy-biomass transfer by emphasizing the division of transfer according to the main pathways of energy entry into the secondary compartments. Bustamante (1994) , for instance, describes two such entries that include the 'herbivore' and 'filter- 
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energy imported from the adjacent pelagic and subtidal ecosystems (Bustamante 1994, Menge and others, 1997) . Such importation reflects the importance of the interconnectivity between the marine biotopes in maintaining the ecological functioning of the seascape.
Organisms on rocky reefs exhibit unique distribution patterns in response to a range of factors operating at different spatial scales (Menge and Sutherland 1987) . Variations in mesoscale factors such as large current systems and largescale temperature regimes may explain disparities at a biogeographical level (Bustamante and Branch 1996) . However, a suite of site-specific factors determine patterns of species distributions in the local setting. Environmental stress related to physical attributes, such as wave exposure, insolation, temperature, aspect, substratum type, as well as a range of biotic factors often lead to the development of characteristic species zonation on most rocky reefs (Stephenson and Stephenson 1972) . The adaptive ability of organisms to withstand prolonged atmospheric exposure during low tide largely determines their relative position along the shore height axis (Underwood 1981, Thompson and others, 2002) .
The following broad zones can therefore be distinguished on a typical intertidal rocky reef: the supra-littoral zone (littoral fringe), upper eulittoral zone and the lower eulittoral (sublittoral zone) (Lewis 1964) , with the mid-shore generally having the greatest species diversity, whilst the lower shore those most prolific. Although physical parameters are the primary determinants in establishing communities on an intertidal rocky reef, biological processes such as facilitation, competition, predation and grazing play an important role in shaping the final species assemblages (Petraitis 1990 , Steffani 2000 , Bruno and others, 2003 , Coleman and others, 2006 . For instance, while the bottom-up effect of physical factors has long been known to directly set the upper limits of species distribution on the upper shores, such limits are mainly determined by top-down biotic processes such as grazing on lower shores Jernakoff 1984, Boaventura and others, 2002) and competition (Hawkins and Hartnoll 1985) . Jonsson and others (2006) have also described the interaction of wave exposure and biological processes (grazing) in determining the horizontal patterns of species distribution on intertidal rocky shores.
The regulatory role of physical and biological factors in biological zonation and the vertical limits of species distribution on intertidal rocky reefs may be rendered more complex by the presence of rock pools. These conspicuous components of many intertidal rocky reefs exhibit biological characteristics that vary significantly from those found on the surrounding emergent rock (Metaxas and Scheibling 1993) . These include a significant enhancement of species abundance and richness on intertidal rocky reefs (eg Firth and others, 2013) . Although the physical environment on the rocky reefs is generally regulated by tidal cycles, fluctuations in physical factors such as temperature are generally less severe in pools than on the emergent rock. In turn, this enables extension of the upper limits of many species, making the biological zonation less pronounced (Metaxas and Scheibling 1993, Steffani 2000) .
While a range of physical and biological factors have been widely demonstrated to determine vertical patterns (zonation) in species distribution on most intertidal rocky reefs, their horizontal patterns have been largely linked to the degree of wave exposure. Wave action plays a major role in determining the nature and pattern of energy flows within these habitats in terms of physical stress, as well as in moderating the biotic interactions within communities (McQuaid and Branch 1984 , 1985 , McQuaid and others, 1985 , Menge and Olson 1990 , Emanuel and others, 1992 and, consequently, the relative abundances of the various functional groups within this ecosystem .
Rocky reefs in the WIO region
Rocky shores cover an area of about 3000 km 2 in the Indian Ocean (excluding the western Australian coast) (Wafar 2001) . In spite of their seemingly limited extent, rocky reefs form one of the most interesting coastal habitats in the region. Such habitats are characterized by strong environmental gradients at very small spatial and temporal scales, thus exerting strong selective pressures which in turn enhance species diversity and adaptation (Lubchenco 1980 Together with other contiguous biotopes, they play a significant role in sustaining coastal livelihoods and maintaining the ecological integrity of the WIO seascape. 
Ecological value
Socio-economic value
Intertidal rocky reefs are subject to varying degrees of subsistence, commercial and recreational fishing in the WIO.
Seaweed collection is a common activity for many people.
Several species of macroalgae are collected for their economic value, as they are used for the industrial production of agar and carrageenan (Williams and Phillip 2000) . Subsistence and artisanal gleaning for invertebrates is also a common activity (Kyle and others, 1997, Msangameno pers. obs.), with different species of whelks, limpets, abalones, crabs, octopuses, mussels, chitons, sea urchins, barnacles and rock oysters being collected for food as well as income Limestone (Hartnoll 1976) Inhaca (Mozambique) Sandstone (Kalk 1995) Maputaland (South Africa) Sandstone (Ramsay 1996, Ramsay and Mason 1990) Durban (South Africa) Sandstone (Martin and Flemming 1988) Seychelles Coral rock, granite (Ngusaru 1997) Mauritius Basalt, limestone (Hartnoll 1976) Kenya Limestone (Ngusaru 1997) Tulear (Madagascar) Limestone (Hartnoll 1976) Comoros Basalt (Ngusaru 1997) Northern Mombasa (Kenya) Limestone (Ngusaru 1997) 
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culture of mytilid mussels is practised in over 40 countries (Denny and Gaines 2007) and could be introduced to the WIO. Farming of stalked barnacles, abalone and oyster species is also a common commercial practice in certain parts of the region, namely on the south coast of South Africa at the limit of the WIO region (eg Troelli and others, 2006) .
Conservation value
Besides their ecological and socio-economic importance, intertidal rocky reefs have considerable conservation value. 
General community composition
High macrobenthic abundances and diversity were encountered in the trans-boundary areas. Overall, the average cover of sessile organisms was 30.6 per cent, with the STA having a higher cover (53.4 per cent) than the NTA (7.6 per cent). The average abundance of motile species was 183.7 individuals m -2 in the STA and 373.2 individuals m -2 in the NTA. In both trans-boundary areas, highly diverse macrobenthic communities were found on the intertidal rocky reefs. In the NTA, a total of 47 macrobenthic species were identified, including 17 sessile and 30 mobile species belonging to a total of 25 families, the majority of which (51 per cent) were molluscs. In the STA, 17 species of mobile organisms were identified within diverse taxonomic groups.
Macroalgal associations
An abundance and diversity of macrofauna were associated with the algal communities in the two trans-boundary areas, with the STA having a higher average abundance of 262.2 individuals m -2 compared to 156.0 in the NTA. This difference was attributable to the higher algal cover and diversity in the STA compared to the NTA. Such higher algal abundances tend to enhance substratum heterogeneity, which in turn creates micro-habitats which harbor diverse faunal assemblages.
Gastropod feeding on zoanthid (left) and mixed zoanthid, sponge and algae (right) at Inhaca Island, Mozambique. © José Paula. 
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General community analysis
In total, 102 macrobenthic species were recorded on the intertidal rocky reefs on the island, belonging to 49 families.
Of these, two thirds were sessile and one third motile. The breakdown by major groups was as follows: Chlorophyta (14 species, 6 families), Phaeophyta (7 species, 2 families), Rhodophyta (22 species, 11 families), Sea grasses (9 species, 2 fami- These comprise top predators with multi-level trophic interactions, whose impact on the prey community structure is disproportionately large relative to their biomass (Navarrete and Menge 1996) . Since they play a major role in preventing species dominance, and thus enhance coexistence and diversity, their depletion leads to negative changes within benthic biological communities (Lindberg and others, 1998), threatening the ability of rocky reef ecosystems to offer crucial ecosystem goods and services on which coastal livelihoods are based. These include eutrophication, oil pollution, siltation, heavy metal pollution, pesticide pollution, antifouling paints and thermal pollution. Table 7 .2 summarizes the potential impact of various types of pollution on the rocky reef ecosystems in the WIO region.
Trampling
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Introduced species
Rocky reefs, like other benthic marine habitats, are prone to the effects of introduced alien organisms. This occurs either through accidental transportation of propagules or adult organisms as fouling on ships or in their ballast water (Raffaelli and Hawkins 1996) . Species may also be intro- 
Coastal development
Sixty per cent of the global population is estimated to dwell along the coastline (Lindeboom 2002) . The coastal zone is also one of the most economically active areas, plac-
Pollution type Source of pollutant Impact on habitat and resources
Eutrophication
Natural sources e.g. animal droppings (Bosman and Hockey 1988); sewage outfalls and agricultural run-off (Raffaelli and Hawkins, 1996, Clark and others, 1997) Temporal and spatial changes in patterns in macrobenthic abundance, biomass and diversity (Pearson and Rosenberg 1978) ; transformation of stable benthic communities, e.g. replacement of perennial macroalgae by blooms of ephemeral algae, diatoms and cyanobacteria (Schramm 1996) ; increased frequency of 'red tide' algal blooms (Hallegraeff 1993) Oil Pollution Oil spills (Watt and others, 1993) Complete or partial loss of macrobenthic diversity (Pople and others, 1990, Jones and others, 1996) Siltation River discharge, shore erosion, sediment re-suspension, atmospheric transport ( Airoldi 2003 1979) and aquaculture (Holmer and others, 2001 ).
Reduced species abundance (Littler and others, 1983, Saiz-Salinas and Urdangarin 1994) ; transformation of certain rocky shores assemblages (Branch and others, 1990) ; effects on larval settlement, recruitment, growth and survival (Airoldi 2003).
Thermal pollution Thermal effluent from power plants (Airoldi 2000).
Decline in algal biomass and diversity (e.g. Vadas and others, 1978) .
Heavy metal pollution
Denudation of ore-containing rocks and volcanism (Clark and others, 1997); sewage discharge (Anderlini 1992); industrial discharge and urban run-off (Clark and others, 1997)
Effects on growth of benthos such as mussels and fucoid algae (Munda and Hudnik 1986) , effects on larval development (Fichet and others, 1998).
Biocides
Agricultural runoff and use of antifouling paints (Airoldi 2000)
Effects on certain benthic species (e.g. Sarojini and others, 1989, Lundebye and others, 1997) .
Microbial contamination
Municipal wastewater disposal, contaminated surface and sub-surface runoff, contaminated agricultural runoff, industrial effluent (Mong and others, 2009 , UNEP/Nairobi Convention Secretariat 2009).
Health risks to sea food (Fernandes 1996) 
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ing enormous pressure on marine and coastal environ- ; effects on trophic interactions within benthic biological communities (Sanford 1999) ; genetic range shifts in some species towards higher latitudes (Hijmans and Graham 2006, Ling and others, 2009) , local extinction of certain species others, 2002, Hobday 2006) .
Sea level rise
Submergence and eventual loss of biological assemblages, especially on flat reefs and wave-cut platforms (Shackleton and others, 1996, Steffani 2000) ; upward displacement of benthic organisms on gentle sloping rocky reefs (Shackleton and others, 1996 , Kendall and others, 2004 , Jackson and McIlvenny 2011 .
Increased intensity and frequency of storms Prevention of natural succession or recovery in benthic communities; reduction of habitat heterogeneity and thus reduced species diversity (Sousa 1985) ; community transformation e.g. reduced abundance of perennial species in favour of short-lived, fast-growing ephemerals (Steffani 2000) .
Changes in ocean circulation or nearshore current systems Changes in rates of settlement and recruitment of benthic organisms; changes in biotic interactions such as predation, herbivory and competition (Menge and Sutherland 1987) ; reduced productivity due to changes in patterns of nutrient and plankton supply (Menge and others, 1997) .
Changes in sediment dynamics Loss of sand-intolerant species; increased dominance by sand-tolerant species; reduced diversity within benthic communities (Littler and others, 1983) .
Ocean acidification
Reduced rate of calcification in calcareous benthos e.g. certain species of crustaceans, molluscs, echinoderms and coralline algae ; impairment of physiological and developmental processes in many benthic species, especially in the early life history stages (Havenhand and others, 2008, Gaylord and others, 2011) ; shift in the structure, dynamics and productivity of biological communities.
Increased precipitation
Habitat degradation due to increased runoff, sedimentation and eutrophication (e.g. Justić and others, 1996, Airoldi 2003) . Mar. Biol. Ecol. 267, 185-206 Borg, A., Pihl, L. and Wennhage, H. (1997 
